Three-dimensional (3D) in vitro models have been established to study the physiology and pathophysiology of the endometrium. With emerging evidence that the native extracellular matrix (ECM) provides appropriate cues and growth factors essential for tissue homeostasis, we describe, a novel 3D endometrium in vitro model developed from decellularized human endometrial tissue repopulated with primary endometrial cells. Analysis of the decellularized endometrium using mass spectrometry revealed an enrichment of cell adhesion molecules, cytoskeletal proteins, and ECM proteins such as collagen IV and laminin. Primary endometrial cells within the recellularized scaffolds proliferated and remained viable for an extended period of time in vitro. In order to evaluate the hormonal response of cells within the scaffolds, the recellularized scaffolds were treated with a modified 28-day hormone regimen to mimic the human menstrual cycle. At the end of 28 days, the cells within the endometrial scaffold expressed both estrogen and progesterone receptors. In addition, decidualization markers, IGFBP-1 and prolactin, were secreted upon addition of dibutyryl cyclic AMP indicative of a decidualization response. This 3D model of the endometrium provides a new experimental tool to study endometrial biology and drug testing.
Introduction
The human endometrium responds dynamically to the ovarian steroid hormones, estrogen, and progesterone during a 28-day menstrual cycle. Despite the dynamic nature of the tissue function, few studies evaluate endometrial biology in response to transitional hormonal cues. The first 14 days of the reproductive cycle are dominated by the presence of rising levels of estrogen from the follicle. During this period, the cells within the endometrium (stromal, epithelial, and endothelial cells) proliferate [1] . Postovulation, the corpus luteum synthesizes and secretes increasing levels of progesterone which leads to cell differentiation and acquisition of a secretory phenotype in the endometrium. In the absence of fertilization, the corpus luteum regresses and progesterone levels fall leading to menstruation. This study provides characteristics of a 28-day hormonally responsive endometrial model which phenocopies these critical hallmarks of a healthy tissue.
Conventional two-dimensional (2D) cultures have been used extensively to study endometrial biology; however, they differ from 3D cultures in terms of structure, gene expression, and in vivo physiological responses [2] [3] [4] . Several 3D endometrial cell culture models have been developed to study different aspects of endometrial biology including tissue structure, cell-cell interactions, decidualization, implantation, menstruation, cancer and drug testing [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Threedimensional cultures retain the structural polarity and differentiated function of cells, thus resembling in vivo morphology. Current 3D models of the endometrium vary from simple single-cell-type units to complex structures containing different cell types using an array of 3D scaffolds depending on the process being investigated. The types of extracellular matrix (ECM) scaffolds used for 3D cell cultures have included purified ECM molecules such as collagen and fibronectin as well as mixtures of ECM components such as matrigel. Purified ECM proteins do not recapitulate the complex mixture of proteins in the native tissue, and the undefined nature of matrigel derived from proteins secreted by mouse sarcoma cells indicates there is room for improvement for the development of a scaffold that is closer to normal tissue physiology [15, 16] . Acellular scaffolds have been used widely in the area of whole organ engineering and transplantation [17] . Several decellularization and recellularization techniques have been established in tissue engineering [18] [19] [20] [21] . Different techniques have been comparatively used to decellularize murine uterus [22, 23] . Recently, successful decellularization, recellularization, and transplantation of uterine patches which led to successful pregnancies were shown in rats [24, 25] . However, acellular scaffolds have not been used in the construction of 3D models of the human endometrium. The aim of this study was to establish a novel 3D model of the human endometrium constructed from native ECM and primary cells that is responsive to ovarian steroid hormones.
Materials and methods

Study participants and tissue collection
Endometrial tissue samples (n = 29) were collected from premenopausal (18-40 years) women undergoing hysterectomy for benign uterine leiomyoma at Northwestern University. Human tissue acquisition was approved by the Northwestern Institutional review board for human research. Written informed consent was obtained from women included in the study. Endometrial tissues used were histologically classified as normal endometrium from either the proliferative or secretory phase by a pathologist (Table 1) . Endometrial samples from women undergoing hormone therapy were excluded in this study.
Decellularization of endometrial tissue
Pieces of uterine tissue (∼1-2 cm 2 ), obtained from the pathologist, were transported on ice to the laboratory. With the endometrial side up, tissue was sliced to 0.5-mm thin sections using a Thomas stadie riggs tissue slicer (Thermos Scientific). Only the top layer of the tissue was considered endometrium as some adjoining myometrial tissue was present. Decellularization was performed as described for the heart model with slight modifications [26] . Endometrial tissue pieces were incubated in equal parts 0.25% Triton X-100 (Fisher Scientific) and 0.25% sodium deoxycholate (Fisher scientific) in 50 ml 1% penicillin/streptomycin (P/S).
DNA isolation and quantification
Double-stranded (ds) DNA content of three patient-matched native endometrium and decellularized scaffolds were isolated using DNeasy blood & tissue kit (QIAGEN, Germany) following the manufacturer's protocol. Isolated dsDNA was quantified using Quant-iT Picogreen dsDNA assay kit (Invitrogen, Eugene, OR, USA) according to manufacturer's instructions. Fluorescence was measured at 535 nm with excitation at 485 nm, and DNA content was quantified using a standard curve.
Electron microscopy
For Transmission electron microscopy (TEM) preparation, decellularized samples were fixed in 2% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer pH 7.3 and postfixed with unbuffered 2% osmium tetroxide, rinsed with distilled water, en bloc stained with 3% uranyl acetate, rinsed with distilled water, dehydrated in ascending grades of 50%, 70%, 80% 90%, and 100% ethanol, embedded in resin mixture from Embed 812 kit, and cured in a 60˚C oven. Samples were sectioned on a Leica Ultracut UC6 ultramicrotome. Seventy nanometer sections were collected on 200 mesh copper grids; thin sections were stained with 3% uranyl acetate and Reynolds lead citrate. Samples were processed by the Center of Advanced Microscopy at Northwestern University Feinberg School of Medicine. For SEM preparation, endometrial biopsies and decellularized endometrial scaffolds were fixed for at least 24 h in 10% buffered formalin at 4
• C and postfixed using 1% OsO 4 in 0.1 M phosphate buffer (pH 7.4) for 2 h. The specimens were then dehydrated in a graded series of ethanol (50%, 70%, 90%, and 100%), criticalpoint-dried with carbon dioxide (Samdri-790, Tousimis, Rockville, USA), mounted, and coated with 10 nm gold in a sputter coater.
Finally, the specimens were observed under a scanning electron microscope (JCM-6000PLUS, JEOL, Japan).
Endometrial cell isolation and expansion
The endometrium was separated from the adjoining myometrium using a dissecting microscope. The endometrial tissue was minced into 1-to 2-mm fragments and subjected to enzymatic digestion using 1.51-mg/ml collagenase I (Invitrogen) and 5-mg/ml DNase I (SigmaAldrich) in Hanks balanced salt solution (HBSS) (Invitrogen) in a 37
• C shaker (100 rpm) for 1-2 h. After digestion, total endometrial cells (∼5 × 10 6 ) were washed and resuspended in DMEM/F12
containing 10% FBS and 1% P/S (10% DMEMF/12) plated on cell culture plates (tissue culture dish 150, TPP) and cultured at 37
• C in a humidified atmosphere containing 5% CO 2 . Endometrial cells were allowed to expand for 5-7 days without passaging. Media was changed every second day.
Recellularization of endometrial scaffolds
Decellularized endometrial scaffolds (0.5 mm thin) were cut into 8 mm diameter pieces using a biopsy punch (Integra Miltex). These endometrial scaffolds were rinsed in culture media 10% DMEMF/12 and set up in a 24-well plate (Denville) containing 0.4-μm cell culture inserts (Millicell). One scaffold per insert was placed in each well. A minimum of three recellularized scaffolds were generated from each patient (one scaffold per treatment group). Expanded endometrial cells were trypsinized, washed and resuspended in 10% DMEMF/12. A dense suspension (∼1.0 × 10 6 live cells in 50 μl of culture media) of the expanded endometrial cells was seeded on the endometrial scaffold within the cell culture inserts. Cells were allowed to attach to the endometrial scaffold for 20 min before culture media supplemented with 50 μg/ml L-ascorbic acid (Sigma) was added to the 24-well plates. Ascorbic acid promotes collagen accumulation and stabilization [27, 28] . Media was changed every second day.
Immunohistochemistry and trichrome staining
Native endometrium, decellularized scaffolds and recellularized scaffolds were fixed in 10% neutral buffered formalin at 4
• C overnight.
After serial dehydration, the native endometrium, decellularized scaffolds and recellularized scaffolds were separately paraffin-embedded in an upright position and cut longitudinally into 5-μm sections. Histological evaluation was done with hematoxylin and eosin (H&E) using a Leica Autostainer XL (Leica Microsystems).
Immunohistochemistry was used to confirm the presence of collagen IV (1:500, Abcam), pan-laminin (1:50, Abcam) and Elastin (1:100, Abcam) and fibronectin (1:100) in native, decellularized scaffolds and recellularized scaffolds. All antibodies used for immunohistochemical (IHC) staining of ECM protein were of IgG isotype. Rabbit IgG (1:100) was used as negative control. In brief, the fixed native endometrium, decellularized or recellularized scaffold sections were deparaffinized and rehydrated by a gradient of ethanol solutions. Antigen retrieval was performed using target retrieval solution (DAKO) in a water bath (95
• C-99
• C) for 10 min. After peroxidase and protein blocking, antibodies were added and incubated overnight at 4
• C. Secondary antibodies (DAKO) were added, and the staining was developed using the 3,3 -diaminobenidine chromogen that was supplied in the DAKO kit for less than 30 s at room temperature. Sections were counterstained by hematoxylin for 30 s, washed until clear and then treated with lithium carbonate for 6 s. Sections were subsequently dehydrated in ethanol and xylene. Mounting media was added to each section and coverslips were placed on top. Sections were allowed to harden at room temperature. IHC staining was conducted to detect vimentin (1:1000, Dako), cytokeratin ( 
Twenty-eight-day hormone protocol
A stepwise hormone protocol was used to treat cells within the recellularized scaffolds to mimic the human 28-day menstrual cycle as previously described with some modifications [29] . Recellularized scaffolds were divided into three treatment groups. The first group received 0.1 nM E2 (day 0-7), 1 nM E2 (day 7-21), and 0.1 nM E2 (day 21-28). The second group received 0.1 nM E2 (day 0-7), 1 nM E2 (day 7-14), 1 nM E2 + 10 nM P4 (day 14-21), and 0.1 nM E2 + 50 nM P4 (day [21] [22] [23] [24] [25] [26] [27] [28] . The third group received 0.1 nM E2 (day 0-7), 1 nM E2 (day 7-14), 1 nM E2 + 10 nM P4 + 0.5 mM dibutyryl cyclic Adenosine monophosphate (AMP) (dbcAMP) (day 14-21), and 0.1n M E2 + 50 nM P4 + 0.5 mM dbcAMP (day 21-28). One recellularized scaffold per patient (n = 3) was used for each treatment. Two-thirds of media was collected and replenished every second day and stored at -20
• C until use.
Proteomic analysis
Native endometrial tissues and corresponding decellularized scaffolds (containing no cells) from 3 patients in the proliferative phase Figure 1 . Diagrammatic representation of the development of the 3D recellularized endometrial culture system. Native endometrial tissue were either digested for cell isolation or prepared for decellularization. Isolated cells were allowed to expand for 5-7 days on 2D plates. Expanded endometrial cells were trypsinized and reseeded on decellularized scaffolds placed inside 12-mm-diameter inserts and cultured in a 24-well plate (A). Representative microscopic images (10× and 100×) of native human endometrium (top row) and decellularized scaffolds (bottom row). Cellular components were stained by H&E (B). ECM of native endometrium and decellularized scaffolds was stained with trichrome staining (C). DNA was isolated from matched native endometrium and decellularized scaffolds and measured n = 3 (D). Data are shown as mean ± standard deviation. * P < 0.05 error bar indicates statistically significant difference between native endometrium and decellularized scaffold. Scale bars represent 100 and 20 μm, respectively.
were collected for proteomic analysis. Tissues were digested in lysis buffer (8 M Urea, 50 mM Tris pH 8.2, 75 mM NaCl, Halt Protease Inhibitor Cocktail) using MACS Tissue dissociator, and protein concentration was measured by BCA protein assay. Proteins were then digested in solution with trypsin and desalted using Pierce C18 Spin columns prior to analysis. Peptides were analyzed by LC-MS/MS using an EASY nanoLC and a linear ion trapOrbitrap hybrid mass spectrometer (ThermoFisher Scientific). Proteins were identified from the MS raw files using Mascot search engine (Matrix science). MS/MS spectra were searched against the SwissProt human database. Gene ontology analysis was conducted using GeneGO. 
ELISA for decidualization markers
Supernatants from the 28-day hormone treatment of recellularized scaffolds were assayed for IGFBP-1 and prolactin. Culture media was collected three times a week from each treatment group as described above and supernatants were kept at -20
• C until tested. Secreted factors were measured using human insulin-like growth factor binding protein-1 ELISA kit (Alpha Diagnostics #900) and Human Prolactin ELISA kit (Alpha Diagnostics #300).
Statistical analysis
Student t-test was performed using Prism software (v5; GraphPad, San Diego, CA) analysis. P-values < 0.05 were considered significant.
Results
Characterization of decellularized endometrial scaffolds
We developed a 3D model of the endometrium using decellularized endometrial scaffold and cells (see schematic diagram, Figure 1A ). To generate decellularized endometrial scaffolds with high seeding susceptibility, we adapted a method first described by Rieder et al. with modifications [26] . Decellularization efficiency was determined by evaluating H&E staining, trichrome staining and quantifying ds-DNA content. Compared to native endometrial tissue, decellularized scaffolds were devoid of nuclear staining as shown by H&E staining ( Figure 1B ). Trichrome staining which is used for the visualization of collagenous connective tissue fibers demonstrated the maintenance of these fibers despite negligible presence of cellular material ( Figure 1C ). Compared to the native endometrial tissue (45.4 ng DNA/mg tissue), the dsDNA content of the decellularized endometrial scaffold (0.162 ngDNA/mg tissue) was drastically reduced ( Figure 1D ). Native endometrium and decellularized endometrial scaffold were investigated using electron microscopy. Scanning electron microscopy (SEM) showed the luminal surface with the epithelial surface in the native endometrium (Figure 2A) . SEM of the decellularized endometrial scaffolds revealed tangled collagen fibrils and transmission electron microscopy showed parallel arrays of collagen fibrils (Figure 2; Supplementary Figure S1 ). Both scanning and transmission electron microscopy revealed cell-free regions consisting mainly of collagen fibers (Figure 2; Supplementary Figure S1 ). These observations suggest an efficient decellularization of the tissue, without compromising the ECM component of the tissue.
Proteomic analysis of native endometrial tissue and their corresponding decellularized endometrial scaffolds from 3 patients (proliferative phase) was performed to investigate the retention of essential ECM proteins. A total of 107 proteins were detected by mass spectrometry in the decellularized scaffolds (Supplementary Table S1 ). The top 10 processes identified by gene ontology analysis of the 107 proteins were those associated with cell adhesion, cell matrix, and cytoskeletal proteins ( Figure 3A) . The presence of collagen IV, laminin, elastin, and fibronectin was confirmed by IHC staining and found mostly localized to the stroma ( Figure 3B ).
Recellularization of endometrial scaffolds
Endometrial cells were isolated from the tissue without separating stromal from epithelial cells. After expansion on 2D plates, cells were seeded onto decellularized scaffolds from another patient and recellularization was allowed to occur for up to 4 weeks. Recellularization of the scaffolds by endometrial cells was monitored using H&E staining (Supplementary Figure S2A) . Immunohistochemical staining revealed that the cells populating the scaffolds were proliferating with minimal cell death as shown by Ki-67 and cleaved caspase-3 staining cells ( Supplementary Figure S2B Figure S2D and E). These data suggest that endometrial cells are capable of repopulating endometrial scaffolds and remain functional over an extended period of time in vitro.
and C). Cells within the scaffold also expressed Estrogen receptor (ER) and Progesterone receptor (PR) (Supplementary
Response to 28-day hormone treatment
To demonstrate viability and physiological response of the recellularized endometrial scaffolds to hormones, the 3D cultures were subjected to a 28-day hormone regimen (Supplementary Figure S4) . Cells were allowed to recellularize the scaffolds for 2 weeks before hormone treatment. There were three hormone treatment groups: E2 only, E2+P4, and E2+P4+dbcAMP. H&E staining confirmed the presence of cells at the end of the 28-day treatment (Supplementary Figure S5 ). Immunohistochemical staining revealed that the cells were mostly vimentin positive with very few cytokeratin positive cells ( Figure 4A and B) . No endothelial or immune cells were detected as shown by the lack of CD31 and CD45 staining (Supplementary Figure S6 ). Next, the cells within the endometrial scaffolds were evaluated for expression of estrogen and progesterone receptors. Cells from all treatment groups expressed both ER and PR ( Figure 5A and B) .
To determine if the cells within the recellularized scaffolds were able to respond to the hormone treatment, we measured levels of prolactin and IGFBP-1, which are synthesized and secreted by decidualizing stromal cells in response to long-term progesterone and enhanced upon addition of cAMP agonists. Media supernatants were measured for the presence of secreted IGFBP-1 and prolactin by ELISA. No IGFBP-1 or prolactin was detected in the supernatants from E2-only treated cultures ( Figure 6A and B). Cells within the recellularized scaffold produced both prolactin (108.36 ± 114.52 μIU/ml) and IGFBP-1 (5.92 ± 9.62 μg/l) in response to E2+P4 at day 28 ( Figure 6A and B) . A statistically significant increase in levels of prolactin (2194.31 ± 750 μIU/ml) and IGFBP-1 (183.27 ± 47.90μg/l) was observed in supernatants from recellularized endometrium treated with E2+P4+dbcAMP at day 28 ( Figure 6A and B) . These data indicate that endometrial cells within the scaffold differentiate in response to hormonal stimuli.
Discussion
The use of human culture systems has become fundamental to the study of the uterus as animal models and existing systems are not entirely representative of the physiologic events occurring during the human female menstrual cycle. Two-dimensional cultures of endometrial cells have generated important information but are limited to growth as monolayers and are not applicable in uterine repair or transplantation. In this study, we established a physiologically relevant 3D model of the human endometrium in which decellularized endometrial scaffold was used to support endometrial cell proliferation, hormone receptor expression, and production of secretory factors upon hormone treatment that mimics a 28-day human menstrual cycle.
The ECM provides the physical scaffold, cell adhesion molecules, and appropriate growth factors necessary for the unique biological function of the tissue [30, 31] . In the uterus, the ECM plays a fundamental role during menstruation, implantation, and parturition [32] . The decellularized endometrial ECM would provide the optimal scaffold for the construction of a 3D endometrium. We initially used sodium dodecyl sulfate to decellularize endometrial tissue; however, we were unable to recellularize these scaffolds as previously found by Rieder et al. [26] . We therefore adapted a method of decellularization previously described in porcine heart valves [26] . This method involves the combination of SDC and Triton X-100, adequate rinsing as well as ribonuclease digestion getting rid of possible viral contamination. We extended the timing of ribonuclease digestion from 24 to 48 h because we observed DAPI staining after 24 h Figure 4 . Recellularization of endometrial scaffold and treatment with a 28-day stepwise hormone protocol. At the end of the experiment, immunohistochemical staining of vimentin (A) and cytokeratin (B) was performed to confirm the presence of stromal and epithelial cells respectively. Representative images from recellularized scaffolds using cells from patients in the proliferative phase are shown (n=3). One recellularized scaffold per patient was used in each treatment group. Scale bars represent 20μm.
of decellularization. After decellularization, the scaffolds were evaluated for optimal removal of cellular and nuclear content and the preservation of important ECM proteins in the endometrium. H&E staining and quantification of DNA content revealed that decellularized scaffolds had minimal cellular and nuclear content according to the guidelines established by Crapo et al. [30] . In addition, SEM of decellularized endometrial scaffolds revealed arrangement of collagen fibrils in the absence of cells.
Proteomic analysis of the decellularized scaffolds from three patients at the proliferative stage identified 107 proteins comprised of ECM proteins such as collagens and laminin, cytoskeletal proteins, cell adhesion proteins, kinases, and even histones. Limited tissue availability prevented the comparative evaluation of scaffolds from patients in the secretory phase. These proteins provide a rich scaf- Figure 5 . Hormone receptor expression of cells within the recellularized scaffolds after 28-day hormone treatment. Decellularized scaffold were seeded with primary cells and allowed to recellularize for 2 weeks before hormone treatment. At the end of the experiment, IHC staining was also used to determine the expression of estrogen receptor (A) and progesterone receptor (B) in the different treatment groups E2 (top row), E2+P4 (middle row), and E2+P4+dbcAMP (bottom row). Representative images from recellularized scaffolds using cells from patients in the proliferative phase are shown (n = 3). One recellularized scaffold per patient was used in each treatment group. Scale bars represent 20 μm.
fold for cells to settle and grow into compared to 2D cultures or the standard collagen or fibronectin gels that are used for 3D cultures. However, it is unclear how the presence of cellular proteins, including histones and kinases that were left behind from the decellularization process influence cell behavior. It would be worthwhile to compare endometrial scaffold proteins from normal versus diseased tissue as it has been shown that abnormal expression of laminin and collagen IV in the endometrium is associated with unexplained infertility [33, 34] .
Recellularization of decellularized scaffold can be achieved by static or dynamic seeding [35, 36] . Dynamic seeding requires a (A) (B) Figure 6 . Production of decidualization markers. Supernatants of treated recellularized scaffolds were collected and measured for prolactin (A) and IGFBP-1 (B). Each data point on the graph represents the mean ± standard deviation of measurements from three different patients. One recellularized scaffold per patient (n = 3) was used in each treatment group. * P < 0.05 error bar indicates statistically significant difference between E2+P4 and E2+P4+dbcAMP treatment.
vascular tree through which cells can be perfused into the decellularized organ. In this study using pieces of endometrial tissues, we were restricted to static seeding. Static seeding has an efficiency of about 10%-25% depending on factors such as tissue density [37] .
We were able to overcome this drawback by using a tissue slicer to cut 0.5-mm thin slices of endometrial tissues before decellularization. Before recellularization, scaffolds were also cut into 8-mm (diameter) pieces using a biopsy punch to further optimize the recellularization process. We observed that upon recellularization, the scaffolds decreased in size and the initial dimensions were not maintained, potentially due to the stromal cells remodeling the tissue scaffolds. We also experienced the drawbacks of limited tissue availability, as we were unable to consistently match the scaffolds with the cells for recellularization from the same patient. Explants from proliferative phase survive longer in culture than those from the secretory phase in vitro [38] . As a result, we used mostly proliferative phase tissues for the recellularization of scaffolds. However, whether the ECM from different phases of the menstrual cycle affects the growth and hormone response of the recellularized cells requires additional investigation. Despite these limitations, IHC staining revealed that the scaffolds contained viable and proliferating stromal cells. In an attempt to optimize the growth of epithelial cells, we expanded endometrial stromal and epithelial cells separately in different media. Stromal cells were cultured in DMEMF/12 and epithelial cells in keratinocyte growth media (KGM) (data not shown). Although the KGM favored growth of epithelial cells in 2D, growth was slow and the media used for recellularization (DMEMF/12) did not support their survival or expansion within the scaffolds. It is possible that direct seeding of freshly isolated endometrial cells may encourage the survival of other cell types; however, this would severely limit the number of scaffolds that could be reseeded and the appropriate media to support growth of all cell types would have to be optimized. While stromal cells are easily expanded in culture, possess migratory and invasive behavior [39] [40] [41] , primary epithelial cells cultured on plastic lose their polarity and function, and do not propagate well [42, 43] . The difficulty associated with growing primary endometrial epithelial cells has drawn researchers to use immortalized or cancer cell lines. While the use of cell lines eliminates donor variability and passage limitations of primary cells, ultimately, cell lines do not entirely represent the benign epithelial cell behavior. Self-renewing stem cells which have high proliferative and differentiative capacity would be ideal for recellularization purposes. Current attempts to reconstruct the endometrium using stem cells from different sources have been reviewed [44] . The human endometrium contains a small proportion of both stromal and epithelial progenitor cells [45] . Epithelial and stromal side populations that have characteristics of mesenchymal stem cells have also been identified in the human endometrium [46] [47] [48] [49] . Menstrual blood also contains a clonogenic, multipotent mesenchymal stem cell population [50, 51] . Stem cells may be required to study epithelial cells in 3D models of the endometrium. The 28-day hormone regimen that mimics the human menstrual cycle is one that is not conventionally used in vitro to study hormone responses. Recently, a 28-day model of human perivascular stroma and endothelial cells was established using fixed concentrations of oestradiol, medroxyprogesterone acetate, and cAMP [52] . The concentration of hormones used in our 28-day protocol was based on clinical data of serum levels of hormones in women during the menstrual cycle [53, 54] . Our group has previously used this treatment protocol on endocervical cells grown in a 3D polystyrene (Alvatex) scaffold [29] and primary fallopian tube explants [55] showing viability and hormone response in both tissues. One of the hallmarks of hormone response of endometrial cells is the decidualization response that becomes evident during the late secretory phase in endometrial stromal cells surrounding the spiral arteries and involves their transformation into differentiated, secretory decidual cells [56] . This process continues once there is a pregnancy until the entire endometrium becomes the decidua of pregnancy. Treatment of recellularized endometrial cells with E2 + P4 did promote production and secretion of the decidual markers, IGFBP1 and prolactin during the latter half of the hormone treatment protocol. The addition of dbcAMP amplified the production similar to cells grown in 2D [57] [58] [59] [60] demonstrating the viability and ability to respond physiologically to hormones in the 3D system. The most widely used hormone treatment for inducing decidualization in vitro is high-dose (1 μM) medroxyprogesterone acetate for up to 10 days, at times with no estradiol priming [60, 61] . Given the increase in decidual markers in our system using our serum level based 28-day hormone protocol, which involves the natural progesterone at 10 and 50 nM, our model would be useful to study menstrual cycle changes of the endometrium in a more physiological setting compared to 2D cultures.
We describe here a 3D model of the human endometrium constructed with native ECM in which primary cells respond to a 28-day menstrual cycle hormone treatment. We have recently demonstrated similar but amplified responses of our recellularized endometrial scaffolds to a 28-day cycle driven by ovarian follicles in a microfluidic system [62] . Improvement of the 3D recellularized endometrial cultures would entail adding other cell types, including epithelial, endothelial and immune cells, to create a more complete endometrium. These cell types act together in response to ovarian hormones and play a significant role in remodeling the tissue. This would be important to understand processes such as menstruation and embryo implantation that are unique to the human species. As pathologies associated with these processes such as heavy uterine bleeding and infertility remain untreatable, it is essential that we have the appropriate model systems with which we can identify the mechanisms that drive the development of such pathologies. Our 3D recellularized endometrial constructs provide a novel system with which we can further develop to study hormone action on endometrial angiogenesis, endometrial receptivity and implantation.
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